Kashin-Beck disease (KBD) is a deformative, endemic osteochondropathy involving degeneration and necrosis of growth plates and articular cartilage. The pathogenesis of KBD is related to gene expression and regulation mechanisms, but long noncoding RNAs (lncRNAs) in KBD have not been investigated. In this study, we identified 316 up-regulated and 631 down-regulated lncRNAs (≥ 2-fold change) in KBD chondrocytes using microarray analysis, of which more than three-quarters were intergenic lncRNAs and antisense lncRNAs. We also identified 232 up-regulated and 427 down-regulated mRNAs (≥ 2-fold change). A lncRNA-mRNA correlation analysis combined 343 lncRNAs and 292 mRNAs to form 509 coding-noncoding gene co-expression networks (CNC networks). Eleven lncRNAs were predicted to have cis-regulated target genes, including NAV2 (neuron navigator 2), TOX (thymocyte selectionassociated high mobility group box), LAMA4 (laminin, alpha 4), and DEPTOR (DEP domain containing mTOR-interacting protein). The differentially expressed mRNAs in KBD significantly contribute to biological events associated with the extracellular matrix. Meanwhile, 34 mRNAs and 55 co-expressed lncRNAs constituted a network that influences the extracellular matrix. In the network, FBLN1 and LAMA 4 were the core genes with the highest significance. These novel findings indicate that lncRNAs may play a role in extracellular matrix destruction in KBD.
based on their length, namely, short noncoding RNAs and long noncoding RNAs (lncRNAs) 11 . Recently, much attention has focused on lncRNAs because increasing evidence indicates that lncRNAs affect gene transcription through a number of regulatory processes. LncRNAs employ several mechanisms for gene regulation. For example, they can directly bind to target genes or act as scaffolds for transcription factors and histone modifiers to activate or inhibit the expression of target genes 12, 13 . In addition, lncRNAs can also serve as competing endogenous RNAs (ceRNAs) to modulate the concentration and biological function of mRNAs/miRNAs 14, 15 . Breakthroughs in recent years have revealed numerous examples of lncRNAs involvement in normal development and disease. Multiple studies have shown the function and mechanisms of lncRNAs and long noncoding intergenic RNAs (lincRNAs) in the pathogenesis of osteoarthritis (OA). For example, they are related to cartilage injury by promoting cartilage extracellular matrix degradation in OA 16 . Cytokine IL-1 stimulation induced changes in the profiles of lncRNAs PACER, CILinc01, and CILinc02
17
. A significant down-regulation of miR-101 and up-regulation of lncRNA HOTTIP regulated cartilage development and degradation in the processes of endochondral ossification and osteoarthritic progression 18 . The role of lncRNAs and their overall contributions to the pathogenesis of KBD, a special type of osteochondropathy, are still unknown.
In this study, we compared the expression profiles of lncRNAs between KBD and normal articular cartilage. Several lncRNAs with differential expression were validated using quantitative reverse transcription polymerase chain reaction (qRT-PCR). Further bioinformatics analysis was used to explore the potential function, lncRNA-mRNA correlation and potential targets of the differentially expressed lncRNAs.
Results
LncRNA expression profile. The array analysis revealed that of 25,398 identified lncRNAs, 947 were differentially expressed in KBD chondrocytes compared with normal chondrocytes. Of these lncRNAs, 316 were up-regulated and 631 were down-regulated (Fig. 1A) . Importantly, 30 lncRNAs were identified in KBD chondrocytes with fold change (FC) > 6.0 compared with normal chondrocytes (Table 1 ). The most up-regulated lncRNA was ENST00000531202.1 (FC = 24.347), and the most down-regulated lncRNA was TCONS_00015374 (FC = 13.283). Hierarchical clustering analysis indicated distinguishable lncRNA expression profile in KBD compared with that in normal controls (Fig. 1B) . The differentially expressed lncRNAs in KBD chondrocytes were widely scattered among all chromosomes, although the distribution in the chromosomes was not equal (Fig. 1C) . Chromosome 3 had the largest number of altered lncRNAs, with 41 up-regulated and 45 down-regulated lncRNAs, which accounted for 9.08% (86/947) of all the differentially expressed lncRNAs. Notably, there were 71 differentially expressed lncRNAs that could not be assigned to a corresponding chromosome. LncRNA classification and subgroup analysis. LncRNA classification and subgroup analysis were performed to explore the potential function of the differentially expressed lncRNAs. Differentially expressed lncRNAs were distributed among five subgroup types: sense, antisense, intronic, intergenic and divergent (Fig. 1D) . The intergenic lncRNAs accounted for 51.7% of the differences (139/947 up-regulated and 351/947 down-regulated), while the antisense lncRNAs formed the second largest category (26.2%, 94/947 up-regulated and 154/947 down-regulated lncRNAs). Remarkably, approximately 15% of the lncRNAs could not be classified into any of the subgroups. We also identified 75 lncRNAs with enhancer-like functions among the differentially expressed lncRNAs (15 up-regulated and 60 down-regulated). In addition, 9 lincRNAs (3 up-regulated and 6 down-regulated) were identified. mRNA expression profile. The array analysis identified 26840 mRNAs, of which 232 were up-regulated and 427 down-regulated in KBD (Fig. 2A) . The most up-regulated mRNA was TBX5 (FC = 43.140), and the most down-regulated mRNA was TBX20 (FC = 27.630). The array analysis identified 37 mRNAs that had FC > 6.0 in expression level between KBD and normal chondrocytes ( Table 2) . As shown in Tables 1 and 2 , the Corr P value was slightly larger than the P value and more than 0.05. Considering the FDR requirement was so strict that it may miss a larger number of true alternatives, the Corr P was not used as the screening standard. Hierarchical clustering analysis indicated a distinguishable mRNA expression profile (Fig. 2B) . Similar to the distribution pattern of lncRNAs, the differentially expressed mRNAs in KBD chondrocytes were widely but not equally scattered among all chromosomes, with the exception of the Y chromosome (Fig. 2C) . Chromosome 1 had the largest number of differentially expressed mRNAs (24 up-regulated and 48 down-regulated), constituting up to 10.9% (72/659) of all the differentially expressed mRNAs.
LncRNA-mRNA co-expression network. The co-expression correlation between lncRNAs and mRNAs in KBD was revealed by a CNC network, which indicated potential internal adjustment mechanisms ( Figure S1 and Data S1). Among 1000 co-expressed pairs of related genes with the highest correlation coefficient, there were 343 lncRNAs and 292 mRNAs that constituted 509 network pairs. In the co-expression network, many lncRNAs were correlated with a single mRNA and vice versa. Among the network pairs, correlations were found between several top lncRNAs and mRNAs. For example, the top four down-regulated lncRNAs TCONS_00015374, TCONS_00016355, ENST00000511029.1, and TCONS_00018333 were correlated with the targets ENST00000511867 (no target gene symbol), ERICH2/DUSP4, LOC100506885 and OPALIN. The top second and third up-regulated lncRNAs were correlated with NXF2 and GRAMD2 (Table S2) .
LncRNA target prediction.
To explore how lncRNAs may participate in gene regulation and the pathogenesis of KBD, cis-and trans-predictions were performed. Altogether, 11 lncRNAs were predicted to have cis-regulated target genes, of which down-regulated lncRNA ENST00000526642.1, ENST00000523683.1, and ENST00000588689.1 and up-regulated lncRNA ENST00000574086.1 were predicted to cis-regulate the genes NAV2 (neuron navigator 2, P = 1.24E-05), TOX (thymocyte selection-associated high mobility group box, P = 1.86E-05), LAMA4 (laminin, alpha 4, P = 1.41E-05) and DEPTOR (DEP domain containing mTOR-interacting protein, P = 1.90E-05), respectively.
Differentially expressed mRNA and lncRNA profile related to extracellular matrix metabolism. GO analysis was performed first to more fully describe the roles of the differentially expressed mRNAs.
The GO analysis included three categories: cellular components, molecular function and biological process. In this study, the most significantly enriched terms were proteinaceous extracellular matrix and extracellular matrix. In addition, the terms interstitial matrix, extracellular matrix component at the cellular components level, and extracellular matrix organization, extracellular structure organization at the biological process level were also significant. The input genes for the above terms were presented in Table S3 and included ADAMTS9, COL4A5,  COL11A1, LRP4, LAMA4, NID2, LAMA1, MMP1, PRSS1, COL14A1, FBLN1, ITGA7, ASPN, MFAP2, FBLN2,  COL8A2, SPP1 , CTSK, ADAMTS9, PRSS1, SPP1, SLC3A1, DPP4, SLC7A8, CPB2, and PRSS1. The major pathways considered to involve differentially expressed mRNAs in KBD included extracellular matrix organization events, neuronal system events, and cell cycle events. Interestingly, the most significant pathway was extracellular matrix organization (http://www.reactome.org/cgi-bin/eventbrowser_st_id?ST_ID = REACT_118779), and within this category, another four pathways were related to extracellular matrix organization, such as laminin interactions, degradation of the extracellular matrix, collagen degradation and protein digestion and absorption. The target gene-associated, differentially expressed lncRNAs were highly enriched for the most significant GO terms, including extracellular matrix (GO:0031012), laminin complex (GO:0043256), proteinaceous extracellular matrix (GO:0005578) and laminin-1 complex (GO:0005606). The most significantly enriched pathways were extracellular matrix proteoglycans (REACT_163906), non-integrin membrane-extracellular matrix interactions (REACT_163874) and laminin interactions (REACT_169262).
Differentially expressed mRNAs associated with the extracellular matrix and their co-expressed lncRNAs were further analyzed. There were 34 differentially expressed mRNAs associated with extracellular matrix and 55 co-expressed lncRNAs, which involved in significantly enriched GO terms and significantly enriched pathway associated with extracellular matrix (Fig. 3) . We also calculated and constructed a network of lncRNAs, co-expressed genes and transcription factors (TF) to identify common genes involved in lncRNA regulation (Fig. 4) . In the list of genes and the network associated with the extracellular matrix, FBLN1 and LAMA4 were the core genes of highest significance. Confirmation of differentially expressed lncRNAs using qRT-PCR. To validate the reliability of the lncRNA microarray data, we selected three up-regulated lncRNAs (RNA95045|RNS_127_194, ENST00000426475.1, and ENST00000437088.1) and three down-regulated lncRNAs (XR_245446.2, ENST00000568735.1, and ENST00000568302.1) that were abundantly expressed and exhibited significant changes (FCs > 6.0) and used qRT-PCR to analyze differences in their expression. The qRT-PCR analysis results were mostly consistent with the microarray data ( Figure S2 ).
Discussion
Abnormal expression of lncRNAs has been observed to be involved in the pathogenesis and progression of many diseases by regulating gene expression profiles. Some studies have investigated the expression and function of [16] [17] [18] [19] [20] . However, the pattern of lncRNAs expression and function in terms of the development and pathogenesis of KBD has not been investigated previously. Our study first screened the genome-wide expression pattern of lncRNAs and mRNAs in chondrocytes from KBD patients and normal subjects. Thereafter, we systematically analyzed the characteristic lncRNAs profile associated with KBD by comparing the differentially expressed lncRNAs and mRNAs between KBD chondrocytes and normal controls using bioinformatic methods.
The results showed that a high number of lncRNAs and mRNAs display abnormal expression in KBD chondrocytes. Altogether, 947 lncRNAs and 659 mRNAs were identified to be significantly differentially expressed in KBD. Overall, more lncRNAs and mRNAs were down-regulated than up-regulated. Several significantly differentially expressed lncRNAs were chosen for qRT-PCR validation. The expression of lncRNAs validated by qRT-PCR showed little disagreement compared with the microarray results. The discrepancies in RNA expression level based on microarray analysis and qRT-PCR are frequent and logical 21, 22 . These discrepancies may be partially explained by differences in the two methods because they utilize vastly different normalization procedures and other different inherent pitfalls 23 . We found that differentially expressed lncRNAs were not equally distributed across all chromosomes. Compared with other chromosomes, chromosomes 1, 2 and 3 had a higher percentage of differentially expressed lncRNAs and mRNAs. Although KBD is not a genetic disease, it has certain hereditary susceptibility 24 . Individuals whose parents and siblings suffer from KBD are at 3-to 4-fold higher risk of KBD than random non-related individuals 25 . Five short tandem repeat (STR) units on chromosome 2 have been shown to be correlated with the risk of KBD 26 . Therefore, chromosomes 1, 2 and 3 may be more likely to carry lncRNAs susceptible to KBD pathology. Interestingly, we also found that more lncRNAs and mRNAs were transcribed from chromosome X than from chromosome Y.
According to differences in transcriptional form, lncRNAs can be classified into subgroups of sense lncRNAs, antisense lncRNAs, intronic lncRNAs, intergenic lncRNAs, and divergent lncRNAs. Strikingly, we found a high proportion of intergenic lncRNAs and antisense lncRNAs, 51.74% and 26.19%, respectively, which together accounted for more than three-quarters of the differentially expressed lncRNAs identified. LincRNAs are transcribed from regions of at least 5 kb, from protein-coding genes. They can modulate the expression of target genes, and the target genes can be scattered across the genome 27 . Antisense lncRNAs are transcribed against and overlap with the protein-coding genes and regulate their protein-coding counterparts via multiple mechanisms. The many abnormally expressed intergenic lncRNAs and antisense lncRNAs in KBD indicate that lncRNAs may regulate protein-coding genes during KBD progression. In addition, lincRNA has high tissue specificity, even more specific than protein coding genes 28 . Based on this high specificity, lincRNA has become an excellent descriptor of different cell subsets for diagnostic purposes, including diseased cells. Therefore, in future studies, we may focus on the attribution of lncRNA to the auxiliary diagnosis of KBD.
LncRNAs can regulate the expression of their adjacent or overlapping genes through multiple mechanisms and are often transcribed together with their associated target genes. Thus, to a certain extent, the function of lncRNAs may be reflected by the function of their associated target genes. Based on the GO and pathway analyses of mRNA, lncRNAs and protein-coding genes, many dysregulated mRNAs in KBD chondrocytes were identified to contribute to degeneration of articular cartilage by regulating extracellular matrix organization, laminin interactions, degradation of the extracellular matrix, collagen degradation, and protein digestion and absorption. These genes include collagen type 4 alpha 5 (COL4A5), COL8A2, COL11A1, COL14A1, extracellular matrix protein 1 (ECM1), ECM2, matrix metallopeptidase 1 (MMP1), laminin subunit alpha 1 (LAMA1), LAMA4, fibulin 1 (FBLN1), FBLN2, osteoglycin (OGN), nidogen 2 (NID2), Wnt family member 6 (WNT6), asporin (ASPN), integrin subunit alpha 7 (ITGA7), hyaluronan synthase 1 (HAS1), and cathepsin K (CTSK).
Similar to degenerative OA, excessive degeneration of the cartilage extracellular matrix is a significant pathological feature of KBD 3, 29, 30 . Proteoglycan and collagens are the major macromolecules in cartilage extracellular matrix. Decreased proteoglycan content can be found in the deep zone of the cartilage of KBD patients, particularly in necrotic areas 31 . Aggrecan generated epitopes present in KBD cartilage and increased the CD44 level in cartilage and the sCD44 level in serum. Type II collagen expression is decreased and type I and III collagen Figure 4 . Network of differentially expressed lncRNAs, co-expressed genes and TFs associated with extracellular matrix. Yellow, green and purple spots represent lncRNAs, mRNAs and TFs, respectively. expression increased in KBD cartilage 32 . Type II collagen telopeptides, potential markers of cartilage damage, are increased in serum 33 . Recent studies have demonstrated that lncRNAs are abnormally expressed in OA cartilage, and lncRNA-CIR was related to cartilage injury by promoting cartilage extracellular matrix degradation. Specific lncRNAs for cartilage extracellular matrix degradation in KBD will be verified in vitro in future studies, including lncRNA RP11-49L2.1 and lncRNA RP1-142L7.5.
KBD is related to environmental factor-gene interactions; for instance, T-2 toxin reduced the mRNA expression of aggrecan, collagen II and Bcl2 and increased the mRNA expression of p53, caspase-3, and Bax in chondrocytes [34] [35] [36] . Selenium deficiency up-regulated the mRNA expression of p53, caspase-3 and Bax and down-regulated Bcl2 mRNA expression in chondrocytes of selenium-deficient rats 36 . These results are consistent with the excessive chondrocyte apoptosis observed in KBD cartilage. However, there have not been any reports that the risk factors of KBD directly act on lncRNA in chondrocytes. To date, there is also no evidence showing a dynamic relationship between environmental factors and the expression of mRNAs or lncRNAs.
In conclusion, this study is the first to present the lncRNA expression profile of chondrocytes from KBD patients. The results suggested that abnormal lncRNAs are key regulators of gene expression and have important biological effects, especially in cartilage extracellular matrix degradation. The precise mechanism will be confirmed by further studies to contribute to the understanding of KBD pathogenesis and identify relevant biomarkers.
Methods
Subjects and sample size. Articular cartilage samples were obtained from KBD patients undergoing joint replacement surgery and normal donors who died in traffic accidents. Radiographs of the subjects' right hand were taken, and the KBD patients were diagnosed as second degree or third degree based on the Diagnosing Criteria of Kashin-Beck Disease in China (WS/T 207-2010). The normal controls were from non-KBD-prevalent areas, and individuals with KBD, OA, rheumatoid arthritis or other bone and cartilage diseases were excluded, based on information provided by relatives. The sample size for the microarray analysis was five vs. five. The data of two KBD patients and one normal control were eliminated based on cluster analysis, and thus, the sample size for data analysis was three KBD (two females and one male, age range 55-70 years) vs. four normal controls (two females and two males, age range 50-66 years). Certain difficulties in obtaining cartilage tissue limited the sample size.
Articular cartilage collection and chondrocyte culture. The KBD cartilage samples were collected after operation and the normal control group samples were collected from fresh cadaver knees within 10 hours of death. The cartilage samples in the KBD group and the normal control group were obtained from the same anatomical site. The cartilage tissues were cut into 3-5 mm 3 slices and digested with trypsin and type II collagenase to isolate primary chondrocytes. After being washed in PBS, the cells were cultured in DMEM/F-12 (1:1) supplemented with 10% (v/v) fetal calf serum, 100 units/ml penicillin, and 100 μg/mL streptomycin at 37 °C in 5% CO 2 . The confluent cells were harvested at the first passage using 0.25% trypsin with 0.08% EDTA for experiments.
RNA extraction. Total RNA was extracted from cultured chondrocytes derived from cartilage using TRIzol reagent (Invitrogen, USA) and purified with a mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. The purity and concentration of RNA were determined by assessing OD260/280 using a spectrophotometer (NanoDrop ND-1000). RNA integrity was determined with 1% formaldehyde denaturing gel electrophoresis.
RNA labeling and hybridization. Total RNA was amplified and reverse transcribed into fluorescent cDNA using a CapitalBio cRNA Amplification and Labeling Kit (CapitalBio, Beijing, China) to produce high yields of Cy3-and Cy5-labeled cDNAs. The controls were labeled with Cy3-dCTP, and the KBD samples were labeled with Cy5-dCTP. After confirmation of the quality and quantity of the labeled products, they were used for microarray hybridization.
Microarray analysis. LncRNA and mRNA expression profiling were performed using Agilent human lncRNA + mRNA array 4.0 platform (4 × 180 K), with each array containing approximately 41,000 lncRNA and 34,000 mRNA probes. LncRNA and mRNA target sequences were merged from multiple databases, such as GENCODE/ENSEMBL, Human LincRNA Catalog and many others. The microarray analysis was performed by CapitalBio Technology, Beijing, China.
Microarray imaging and data analysis. The acquired microarray images were obtained using Agilent Feature Extraction (v10.7) software. Summarization, normalization and quality control of the original data were performed using GeneSpring software V13.0 (Agilent). The P value was calculated based on t-test and the corrected P value (Corr P) was calculated based on Benjamini-Hochberg controlled false discovery rate (FDR). Both lncRNAs and mRNAs were considered to significantly differ when the absolute FC value was more than 2.0 and t-test P value was equal to or less than 0.05. Furthermore, hierarchical clustering with average linkages were applied and tree visualization was performed using Java Treeview to present diacritical lncRNA and mRNA expression patterns among the samples.
LncRNA-mRNA correlation analysis. A lncRNA-mRNA correlation analysis was accomplished to identify significantly co-expressed lncRNAs and mRNAs with the standard of a Pearson correlation >0.99 or <−0.99 and P value < 0.05 using the open source bioinformatics software Cytoscape. A coding-noncoding gene co-expression network (CNC network) was constructed based on correlation analysis between differentially expressed lncRNAs and mRNAs.
SCIENTIFIC RepoRtS | 7: 17553 | DOI:10.1038/s41598-017-17875-0 Target prediction. Target prediction, including cis-and trans-predictions, was performed based on the results for co-expressed lncRNAs and mRNAs; mRNAs were considered cis-regulated target genes when the Pearson correlation coefficient was >0.99 or <−0.99 and the mRNA loci were within 10 kb of each other along a group of expressed protein-coding genes. Thus, "cis" refers to the regulatory mechanisms in the same locus (not necessarily same allele), which include antisense-mediated regulation by lncRNAs of protein-coding genes that are encoded in the same locus. The trans-prediction was conducted using the Standalone BLAT v. 35 × 1 fast sequence search command line tool (http://hgdownload.cse.ucsc.edu/admin/exe/) to compare the full sequence of lncRNA with the 3′UTR of its co-expressed mRNAs.
Transcription factor (TF) prediction. TF prediction was performed based on the results of co-expression using the prediction tool Match-1.0 Public. It predicted a situation in which regions within the 2000 bp upstream and 500 bp downstream of each lncRNA could bind to TFs. For each lncRNA, the overlaps (and their significance) for the co-expressed mRNA set and the TF target genes were calculated.
GO analysis and pathway analysis. GO analysis was derived from Gene Ontology (www. geneontology. org) that provided three structured networks of defined terms describing the attributes of genes and gene products. The analysis method was based on Fisher's exact test and calculation of P values. The P value denotes the significance of GO Term enrichment in a differentially expressed mRNA list. Pathway analysis was performed for differentially expressed mRNAs based on database. For both GO and pathway analyses, P < 0.05 was considered statistically significant.
qRT-PCR analyses. Isolated RNA was reverse-transcribed to cDNA using a Reverse Transcription Kit (Takara, Dalian, China). The qRT-PCR analyses were performed using a StepOnePlus RT-PCR Instrument with Power SYBR Green (Takara, Dalian China). The qRT-PCR conditions were as follows: 95 °C for 2 minutes, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 30 seconds. All experiments were performed and analyzed in triplicate. The primers used in this study were listed in Table S1 . Then, lncRNA expression levels were normalized to GAPDH and calculated using the 2 −ΔΔCt method.
Ethics Statement. This study was approved by the Human Ethics Committee of Xi'an Jiaotong University, and performed according to the principles of the Declaration of Helsinki as revised in 1983. Written informed consent was obtained from all subjects or the relatives of donors.
